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Abstract

A search is presented for extra spatial dimensions, quantum black holes, and quark
contact interactions in measurements of dijet angular distributions in proton-proton
collisions at

√
s = 13 TeV. The data were collected with the CMS detector at the LHC

and correspond to an integrated luminosity of 2.6 fb−1. The distributions are found
to be in agreement with predictions from perturbative quantum chromodynamics
that include electroweak corrections. Limits for different contact interaction models
are obtained in a benchmark model, valid to next-to-leading order in QCD, in which
only left-handed quarks participate, with quark contact interactions excluded up to
a scale of 11.5 or 14.7 TeV for destructive or constructive interference, respectively.
The production of quantum black holes is excluded for masses below 7.8 or 5.3 TeV,
depending on the model. The lower limits for the scales of virtual graviton exchange
in the Arkani-Hamed–Dimopoulos–Dvali model of extra spatial dimensions are in
the range 7.9–11.2 TeV, and are the most stringent set of limits available.
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1 Introduction
In the standard model (SM), pointlike parton-parton scattering in high energy proton-proton
collisions can give rise to dijet events, containing at least two jets with large transverse mo-
menta (pT). Such events may be used to test the perturbative predictions of quantum chromo-
dynamics (QCD) and to search for signatures of new physics (NP), such as quark substructure
or compositeness [1–3], as well as for additional compactified large spatial dimensions [4, 5],
and quantum black holes [6–8].

The angular distribution of dijets with respect to the beam direction is sensitive to the dynam-
ics of the scattering process, yet is not strongly dependent on the parton distribution func-
tions (PDFs), since the angular distributions of the dominant underlying processes, qg → qg,
qq(q′) → qq(q′), and gq → gg, are similar [9]. The dijet angular distribution is typically
expressed in terms of χdijet = exp[|(y1 − y2)|], where y1 and y2 are the rapidities of the two
jets with highest pT (the leading jets). The choice of this variable is motivated by the fact that
the χdijet distribution is uniform in Rutherford scattering, and permits signatures from NP that
have more-isotropic scattering-angle distributions than QCD processes to be more easily iden-
tified and examined as they could produce an excess of events at low values of χdijet.

A common signature of quark compositeness models is the appearance of new interactions be-
tween quark constituents at a characteristic scale, Λ, that is much larger than the quark masses.
At energies well below Λ, these interactions are approximated through contact interactions
(CI) characterized by four-fermion couplings. The most stringent limits on quark CI come
from searches studying dijet angular distributions at high dijet invariant masses (Mjj) [10–12],
and inclusive jet pT distributions [13]. A previous search performed by the CMS Collaboration
at the CERN LHC at

√
s = 8 TeV using dijet angular distributions [11] provided lower limits on

Λ ranging from 8.8 to 15.2 TeV, for a variety of CI models.

The Arkani-Hamed–Dimopoulos–Dvali (ADD) model [4, 5] of compactified large extra dimen-
sions (ED) provides a possible solution to the SM hierarchy problem. In proton-proton col-
lisions at the LHC, the ADD model predicts signatures of virtual graviton exchange that re-
sult in a nonresonant enhancement of dijet production and an angular distribution that differs
from the QCD expectation. Signatures from virtual graviton exchange have previously been
sought at the LHC in dilepton [14–17], diphoton [18–20], and dijet [11, 21] final states, and
the most stringent limits on the cutoff scale come from the dijet angular analysis of CMS at√

s = 8 TeV [11] that range from 5.9 to 8.4 TeV, depending on the model of virtual graviton
exchange.

In models with large ED, the fundamental Planck scale can be comparable to the electroweak
scale, which can make black hole production possible at the LHC [22–26]. Semiclassical black
holes that have masses much larger than the Planck scale and decay into multijets through
Hawking radiation [27], have previously been sought in multijet final states [28–32]. Quantum
black holes (QBH), produced with mass close to the reduced Planck scale, decay predominantly
into dijets that can be studied using dijet angular distributions [6–8]. Recent searches for QBH
in dijet final states at the LHC are reported in Refs. [10, 12, 29, 30, 33–35]. Lower bounds on
QBH masses published by the CMS Collaboration at

√
s = 8 TeV range from 5.0 to 6.3 TeV for

different QBH models [34].

Measurements of dijet angular distributions at the SppS by the UA1 Collaboration [36], at the
Fermilab Tevatron by the D0 [37, 38] and CDF [39] Collaborations, and at the LHC by the
ATLAS [12, 35, 40–42] and CMS [11, 43–45] Collaborations have previously been reported. In
this paper, the earlier searches by CMS [11, 44, 45] at

√
s = 7 and 8 TeV are extended to higher
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Mjj using data that correspond to an integrated luminosity of 2.6 fb−1 at
√

s = 13 TeV, following
the same analysis strategy reported by the previous publications. The measurement of the dijet
angular distributions, unfolded for detector effects, is presented and is then analyzed for the
presence of contact interactions, large extra dimensions, and quantum black holes.

2 The CMS detector and event selection
The CMS apparatus is based on a superconducting solenoid of 6 m internal diameter, providing
an axial field of 3.8 T. Within the solenoid and nearest to the interaction point are the silicon
pixel and strip trackers. Surrounding the tracker volume are the lead tungstate crystal electro-
magnetic calorimeter and the brass and scintillator hadron calorimeter. The pixel and tracker
cover a pseudorapidity region of |η| < 2.5 while the calorimeters cover |η| < 3.0. In addi-
tion, CMS has extensive forward calorimetry, which extends the coverage to |η| < 5.0. Finally,
muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
solenoid, with a coverage of |η| < 2.4. A more detailed description of the CMS detector, to-
gether with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [46].

Events are reconstructed using the particle-flow algorithm [47, 48] to identify and reconstruct
individual particles from each collision by combining information from all CMS subdetectors.
Identified particles include charged hadrons, neutral hadrons, electrons, muons, and photons.
The particles are clustered into jets using the anti-kT algorithm [49] with a jet size parameter
R = 0.4. The jet energies are corrected for the combined response function of the calorimeters
using corrections derived from data and Monte Carlo (MC) simulations [50]. To compare data
with next-to-leading order (NLO) and PYTHIA 8.212 [51, 52] predictions, particle-level jets are
reconstructed by applying the same jet clustering algorithm to the four-vectors of generated
stable particles (lifetime cτ > 1 cm) in the case of PYTHIA8, and to the outgoing partons in the
case of NLO predictions.

A two-tiered system, consisting of the level-1 (L1) and high-level (HLT) triggers, is used by
CMS to record events of interest [53]. The selection criteria for this analysis are based upon
the scalar sum of the transverse momenta of the jets reconstructed by the L1 and HLT systems.
The selection threshold was varied over the course of the data taking and was between 100 and
175 GeV at L1 and between 650 and 800 GeV at HLT.

In the offline event selection, events with at least two reconstructed jets are selected. Spurious
jets from noise or non-colliding backgrounds are rejected by applying loose quality criteria [54]
to jet properties. For each event a reconstructed primary vertex [55] is required to lie within
±24 cm of the detector center along the beam line and within 2 cm of the detector center in the
plane transverse to the beam. The primary vertex is defined as the vertex with the highest sum
of squares of all associated charged particle transverse momenta.

The two leading jets are used to measure the dijet angular distributions in several regions of Mjj
which are, in units of TeV, 1.9–2.4, 2.4–3.0, 3.0–3.6, 3.6–4.2, 4.2–4.8, and >4.8. The highest three
Mjj ranges were chosen to maximize the expected sensitivity to the NP signals considered. The
phase space for this analysis is defined by selecting events with 1 ≤ χdijet < 16 and |yboost| <
1.11, where yboost = (1/2)(y1 + y2). This selection restricts the rapidities |y1| and |y2| of the two
highest-pT jets to be less than 2.5 and their pT to be larger than 200 GeV. The trigger efficiency
exceeds 99% over the entire phase space. The highest value of Mjj observed in the data is
6.8 TeV.
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3 Unfolding and experimental uncertainties
Fluctuations in jet response from the jet pT resolution of the detector can cause low-energy jets
to be misidentified as leading jets. Such fluctuations can produce bin-to-bin migrations in both
χdijet and Mjj. The measured distributions are corrected for these migrations and unfolded to
the particle level using the D’Agostini iteration method [56] implemented in the ROOUNFOLD

package [57]. The unfolding corrections are determined using a two-dimensional response ma-
trix mapping the generator-level Mjj and χdijet distributions onto the measured values. This ma-
trix is obtained using particle-level jets from the PYTHIA8 MC event generator that are smeared
in pT using a double-sided Crystal-Ball parameterization [58] of the response. This parame-
terization takes into account the full jet energy resolution including non-Gaussian tails. The
unfolding corrections change the shape of the dijet angular distributions by less than 1% across
χdijet in the lowest Mjj range, and by less than 5% across χdijet in the highest Mjj range.

The dijet angular distributions are normalized to the integrated dijet cross sections in each Mjj
range, denoted (1/σdijet)(dσdijet/dχdijet), where σdijet is the cross section in the analysis phase
space considered. The normalized angular distributions are relatively insensitive to many sys-
tematic effects. The main systematic uncertainties come from the jet energy scale, the jet energy
resolution, and the unfolding correction. The effects of these uncertainties on the dijet angular
distributions are described below.

The maximum jet energy scale uncertainty is less than 1% and has a dependence on η of less
than 1% per unit of η [50, 59] in the phase space of the analysis. The resulting uncertainty in
the χdijet distributions due to the jet energy calibration uncertainties is found to be 2.2% in the
lowest Mjj range and 3.6% in the highest Mjj range, over all χdijet bins.

The jet energy resolution uncertainty is evaluated by changing the width of the Gaussian core of
the Crystal-Ball parameterization of the response by up to ±10% [50, 59], depending upon the
jet η, and comparing the resultant unfolded distributions before and after these changes. This
uncertainty is found to be less than 1.1%. The systematic uncertainty from the modelling of the
tails of the jet resolution is evaluated using a Gaussian function to parameterize the response,
and assigning as an uncertainty half of the difference between the unfolded distributions de-
termined from this Gaussian ansatz and the nominal correction. The size of this uncertainty is
less than 1%.

A source of uncertainty to the unfolding correction arises from the use of a parameterized
model to simulate the jet pT resolution of the detector. This uncertainty is estimated by compar-
ing the smeared χdijet distributions to the ones from a detailed simulation of the CMS detector
using GEANT4 [60], and is found to be less than 1% in all Mjj ranges. An additional system-
atic uncertainty is evaluated to account for mismodelling of the dijet kinematic distributions
by applying the unfolding corrections determined with PYTHIA8 to smeared χdijet distributions
from MADGRAPH5 aMC@NLO 2.2.2 [61], and comparing the results with the generated χdijet
distributions. This uncertainty is found to be less than 1% for all Mjj.

The effect of additional interactions in the same or adjacent proton bunch crossings (pileup)
relative to the interaction of interest is studied by comparing χdijet distributions in simulated
samples where the distribution of pileup interactions is varied according to its uncertainty. The
effect of this variation on the χdijet distributions is observed to be less than 1%.

A summary of the leading experimental systematic uncertainties is provided in Table 1. Though
in the subsequent analysis of the data the uncertainties are treated separately, for display in Ta-
ble 1 and in the figures the total experimental systematic uncertainty in the χdijet distributions
is calculated as the quadratic sum of the contributions due to the uncertainties in the jet energy
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Table 1: Summary of main experimental and theoretical uncertainties in the normalized χdijet
distributions. Although the change in the χdijet distribution from each uncertainty is taken into
account in the statistical analysis, this table summarizes the uncertainty in just the smallest
χdijet bin, for the smallest and largest bins in dijet mass. The uncertainty in the dijet bin with
largest mass is dominated by the statistical experimental contribution, while the theoretical
contribution is dominated by the uncertainty in the NLO QCD scale.

Uncertainty 1.9 < Mjj < 2.4 TeV Mjj > 4.8 TeV
Statistical 1.1% 26%
Jet energy scale 2.2% 3.6%
Jet energy resolution (core) 0.4% 1.1%
Jet energy resolution (tails) 0.6% 0.5%
Unfolding, modelling 0.1% 0.8%
Unfolding, detector simulation 0.3% 0.8%
Pileup 0.2% 0.2%
Total experimental 2.6% 26%
NLO QCD scale +7.9%

−2.8%
+13%
−4.9%

PDF (CT14 eigenvectors) 0.15% 0.4%
Nonperturbative effects <1% <1%
Total theoretical +7.9%

−2.8%
+13%
−4.9%

calibration, jet pT resolution, unfolding correction, and pileup.

4 Theoretical prediction and uncertainties
We compare the measured normalized dijet angular distributions with the predictions of per-
turbative QCD at NLO, which are made with NLOJET++ 4.1.3 [62] in the FASTNLO 2.1 frame-
work [63]. With the inclusion of the electroweak (EW) corrections for dijet production [64],
the predictions of the normalized χdijet distributions are corrected up to 1% and up to 5% at
small and large Mjj, respectively. The factorization (µf) and renormalization (µr) scales are set
to the average pT of the two jets, 〈pT〉, and the PDFs are taken from the CT14 set [65]. The use
of a more flexible statistical combination of multiple PDF sets as in PDF4LHC15 100 [65–70]
exhibited only small differences as compared to the use of the CT14 PDF set alone, and had
negligible impact on the CI limits described in the next section.

We evaluated the impact on the QCD predictions of nonperturbative effects related to hadron-
ization and multiple parton interactions using PYTHIA 8 with the CUETP8M1 tune [71, 72] and
HERWIG++ 2.7.1 [73] with tune EE5C. The effects are found to be negligible in both MC event
generators. We can therefore compare the data corrected to particle-level with the parton-level
theory predictions.

The choices of the µf and µr scales dominate the uncertainties in the QCD prediction. These
uncertainties are evaluated following the proposal in Refs. [74, 75] by changing the default
choice of scales in the following 6 combinations: (µf/〈pT〉, µr/〈pT〉) = (1/2, 1/2), (1/2, 1),
(1, 1/2), (2, 2), (2, 1), and (1, 2). These changes modify the predictions of the normalized χdijet
distributions by up to 8% and up to 13% at small and large values of Mjj, respectively. The
uncertainty due to the choice of PDFs is determined from the 28 eigenvectors of CT14 using
the procedure described in Ref. [76], and is found to be less than 0.15% at low Mjj and less than
0.4% at high Mjj. The uncertainty of the strong coupling constant has a negligible impact on
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the normalised χdijet distribution. A summary of the leading systematic uncertainties in the
theoretical predictions is also given in Table 1.

New physics signatures from CIs with flavor-diagonal color-singlet couplings between quarks
are studied. These are described by the effective Lagrangian [2, 3]:

Lqq =
2π

Λ2

[
ηLL(qLγµqL)(qLγµqL) + ηRR(qRγµqR)(qRγµqR) + 2ηRL(qRγµqR)(qLγµqL)

]
,

where the subscripts L and R refer to the left and right chiral projections of the quark fields,
respectively, and ηLL, ηRR, and ηRL are given the values of 0, +1, or −1. The various combina-
tions of (ηLL, ηRR, ηRL) correspond to different CI models. The following CI possibilities with
color-singlet couplings among quarks are investigated:

Λ (ηLL, ηRR, ηRL)

Λ±LL (±1, 0, 0)
Λ±RR ( 0,±1, 0)
Λ±VV (±1,±1,±1)
Λ±AA (±1,±1,∓1)

Λ±
(V−A)

( 0, 0,±1)

The models with positive (negative) ηLL or ηRR lead to destructive (constructive) interference
with the QCD terms, and a lower (higher) cross section, respectively. In all CI models discussed
in this paper, NLO QCD corrections are employed to calculate the cross sections. In proton-
proton collisions the Λ±LL and Λ±RR models result in identical tree level cross sections and NLO
corrections, and consequently lead to the same sensitivity. For Λ±VV and Λ±AA, as well as for
Λ±

(V−A)
, the CI predictions are identical at tree level, but exhibit different NLO corrections and

yield different sensitivity. For calculating the CI terms, as well as the interference between the
CI terms and QCD terms at leading order (LO) and NLO in QCD, the CIJET 1.0 program [77] is
employed.

For the ADD model, two parameterizations for virtual graviton exchange are considered, Giudice–
Rattazzi–Wells (GRW) [78] and Han–Lykken–Zhang (HLZ) [79]. In the GRW convention, the
sum over the Kaluza–Klein graviton excitations in the effective field theory is regulated by a
single cutoff parameter ΛT. In the HLZ convention, the effective theory is described in terms
of two parameters, the cutoff scale MS and the number of extra spatial dimensions nED. The
parameters MS and nED are directly related to ΛT [80]. We consider models with 2–6 EDs. The
case of nED = 1 is not considered since it would require an ED of the size of the order of the
solar system; the gravitational potential at these distances would be noticeably modified and
this case is therefore excluded by observation. The case of nED = 2 is special in the sense that
the relation between MS and ΛT also depends on the parton-parton center-of-mass energy

√
ŝ.

The ADD predictions are calculated with PYTHIA8.

Quantum black hole production is studied within the framework of the ADD model with
nED = 6, and the Randall–Sundrum model with nED = 1 (RS1) [81, 82]. In these models, the
QBH production cross section is typically described by the classical geometrical cross section
σQBH ≈ πr2

s , where rs is the Schwarzschild radius of the black hole. The Schwarzschild radius
depends on the mass of the QBH, the Planck scale (MP), and the number of spatial dimensions.
Since QBHs are produced with mass threshold close to the Planck scale, we set the minimum
quantum black hole mass MQBH equal to MP for simplicity. The QBH 3.0 generator [83] is used
for the predictions.
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To take into account the NLO QCD and EW corrections to SM dijet production when probing
the ADD and QBH models, the cross section difference σQCD

NLO+EW corr − σQCD
LO is evaluated for

each Mjj and χdijet bin and added to the ADD and QBH predictions. This procedure provides
an SM+ADD or SM+QBH prediction wherein the QCD terms are corrected to NLO with EW
corrections while the ADD or QBH terms are calculated at LO. In all the predictions, changes
from theoretical uncertainties associated with scales and PDFs are applied only to the QCD
prediction, thereby treating the effective NP terms as fixed benchmark terms.

5 Results
The normalized χdijet distributions for all mass bins are compared to NLO predictions with EW
corrections in Fig. 1. No significant deviation from the theory is observed. The distributions are
also compared to predictions for QCD+CI with Λ+

LL = 11 TeV, QCD+ADD with ΛT (GRW) =
10 TeV, and QCD+QBH with MQBH (nED = 6 ADD) = 7.5 TeV. The QCD+ADD ΛT (GRW) =
10 TeV prediction corresponds to QCD+ADD MS (HLZ) = 10.1, 11.9, 10.0, 9.9 and 8.4 TeV for
nED = 2, 3, 4, 5 and 6, respectively. The signal distributions are shown only for the highest
three ranges of Mjj, since those bins dominate the sensitivity to the NP signals considered. An
expanded version of the normalized χdijet distributions in the highest three ranges of Mjj is
shown in Fig. 2. The measured χdijet distributions are used to determine exclusion limits on the
NP models.

A modified frequentist approach [84, 85] is used to set exclusion limits on the scale Λ. The
log-likelihoods LQCD and LQCD+NP are defined for the respective QCD-only and QCD+NP hy-
potheses as a product of Poissonian likelihood functions for each bin in χdijet for the highest
three ranges of Mjj. The predictions for each Mjj range are normalized to the number of ob-
served events in that range. The p-values for the two hypotheses, PQCD+NP(q ≥ qobs) and
PQCD(q ≤ qobs), are based on the log-likelihood ratio q = −2 ln(LQCD+NP/LQCD). They are eval-
uated by generating distributions of q using ensembles of pseudo-experiments, where system-
atic uncertainties are represented as Gaussian-constraint nuisance parameters and are treated
according to the frequentist paradigm [86]. Limits on the QCD+NP models are set based on
the quantity CLs = PQCD+NP(q ≥ qobs)/(1− PQCD(q ≤ qobs)), which is required to be less than
0.05 for an exclusion at 95% confidence level (CL). The observed and expected exclusion limits
on different CI, ADD, and QBH models obtained in this analysis at 95% CL are listed in Table 2.
The observed limits are smaller than the expected limits owing to a slight excess of events in
the lowest χdijet bin in the 3.6–4.2 TeV mass bin. The limits on MS for the different numbers of
extra dimensions, nED, directly follow from the limit for ΛT. The limits for the CI scale Λ+

LL/RR
are also determined for the case in which the data are not corrected for detector effects, and are
found to agree with the quoted ones within 3%.

The agreement of the data with QCD predictions is quantified by calculating PQCD(q ≤ qobs) as
described above. The largest excess is found in the 3.6–4.2 TeV mass bin with a significance of
1.8 standard deviations.

6 Summary
Normalized dijet angular distributions have been measured at

√
s = 13 TeV with the CMS

detector over a wide range of dijet invariant masses. The distributions are found to be in agree-
ment with predictions of perturbative QCD and are used to set lower limits on the contact-
interaction scale for a variety of quark-compositeness models that include next-to-leading or-
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Figure 1: Normalized χdijet distributions for 2.6 fb−1 of integrated luminosity at
√

s = 13 TeV.
The corrected distributions in data are compared to NLO predictions (black dotted line). The
vertical bar on each data point represents statistical and systematic experimental uncertainties
combined in quadrature. The horizontal bar indicates the bin width. Theoretical uncertainties
are indicated by the gray bands. Also shown are the predictions for QCD+QBH with nED = 6
and MQBH = 7.5 TeV (green dashed-dotted line), QCD+CI with Λ+

LL = 11 TeV (red solid line),
and QCD+ADD with ΛT (GRW) = 10 TeV (blue dashed line).



8 6 Summary

dijet
χ2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0

0.05

0.1

0.15

0.2

 > 4.8 TeVjjM 

Data
NLO QCD+EW

 = 6 ADD) = 7.5 TeV
ED

 (nQBHM
 (CI) = 11 TeV+

LLΛ
 (CI) = 11 TeV−

LLΛ
 (CI) = 11 TeV+

VVΛ
 (CI) = 11 TeV−

VVΛ
 (CI) = 11 TeVV-AΛ

 (GRW) = 10 TeVTΛ

 
 
 
 
 
 
 
 
 

 (13 TeV)-12.7 fb

CMS

dijet
χ2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0

0.05

0.1

0.15

0.2

 < 4.8 TeVjjM4.2 < 

Data
NLO QCD+EW

 = 6 ADD) = 7.5 TeV
ED

 (nQBHM
 (CI) = 11 TeV+

LLΛ
 (CI) = 11 TeV−

LLΛ
 (CI) = 11 TeV+

VVΛ
 (CI) = 11 TeV−

VVΛ
 (CI) = 11 TeVV-AΛ

 (GRW) = 10 TeVTΛ

 
 
 
 
 
 
 
 
 

 (13 TeV)-12.7 fb

CMS

dijet
χ2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0

0.05

0.1

0.15

0.2

 < 4.2 TeVjjM3.6 < 

Data
NLO QCD+EW

 = 6 ADD) = 7.5 TeV
ED

 (nQBHM
 (CI) = 11 TeV+

LLΛ
 (CI) = 11 TeV−

LLΛ
 (CI) = 11 TeV+

VVΛ
 (CI) = 11 TeV−

VVΛ
 (CI) = 11 TeVV-AΛ

 (GRW) = 10 TeVTΛ

 
 
 
 
 
 
 
 
 

 (13 TeV)-12.7 fb

CMS

Figure 2: Normalized χdijet distributions for 2.6 fb−1 of integrated luminosity in the highest
three mass bins. The corrected distributions in data are compared to NLO predictions with
non-perturbative corrections (black dotted line). The vertical bar on each data point represents
statistical and systematic experimental uncertainties combined in quadrature. The horizontal
bar indicates the bin width. Theoretical uncertainties are indicated by the gray band. Also
shown are the predictions for various QBH, CI, and ADD models.



9

Table 2: Observed and expected exclusion limits at 95% CL for various CI, ADD, and QBH
models.

Model Observed lower limit (TeV) Expected lower limit (TeV)
Λ+

LL/RR (NLO) 11.5 12.1±1.2
Λ−LL/RR (NLO) 14.7 17.3±3.4
Λ+

VV (NLO) 13.3 13.9±1.2
Λ−VV (NLO) 18.6 22.2±5.4
Λ+

AA (NLO) 13.3 13.9±1.2
Λ−AA (NLO) 18.6 22.1±5.1
Λ+

(V−A)
(NLO) 8.4 9.5±1.6

Λ−
(V−A)

(NLO) 8.4 9.5±1.7
ADD ΛT (GRW) 9.4 9.8±1.2
ADD MS (HLZ) nED = 2 10.1 10.6±1.3
ADD MS (HLZ) nED = 3 11.2 11.7±1.4
ADD MS (HLZ) nED = 4 9.4 9.8±1.2
ADD MS (HLZ) nED = 5 8.5 8.9±1.1
ADD MS (HLZ) nED = 6 7.9 8.2±1.0
nED = 6 ADD QBH MQBH 7.8 7.7±0.3
nED = 1 RS QBH MQBH 5.3 5.3±0.4

der QCD corrections, models with large extra dimensions, and models of quantum black-hole
production. The 95% confidence level lower limits for the contact interaction scale Λ are in
the range 8.4–18.6 TeV. Also excluded are quantum black holes with masses up to 7.8 TeV in
the ADD model for nED = 6, and up to 5.3 TeV in the Randall–Sundrum model for nED = 1.
The lower limits for the scales of ADD models, ΛT (GRW) and MS (HLZ), are in the range 7.9–
11.2 TeV, and are the most stringent set of limits available.
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Fonds pour la Formation à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-Belgium);
the Agentschap voor Innovatie door Wetenschap en Technologie (IWT-Belgium); the Ministry
of Education, Youth and Sports (MEYS) of the Czech Republic; the Council of Science and In-
dustrial Research, India; the HOMING PLUS program of the Foundation for Polish Science,
cofinanced from European Union, Regional Development Fund, the Mobility Plus program of
the Ministry of Science and Higher Education, the National Science Center (Poland), contracts
Harmonia 2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543, 2014/15/B/ST2/03998, and
2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; the National Priorities Research Pro-
gram by Qatar National Research Fund; the Programa Cları́n-COFUND del Principado de
Asturias; the Thalis and Aristeia programs cofinanced by EU-ESF and the Greek NSRF; the
Rachadapisek Sompot Fund for Postdoctoral Fellowship, Chulalongkorn University and the
Chulalongkorn Academic into Its 2nd Century Project Advancement Project (Thailand); and
the Welch Foundation, contract C-1845.

References
[1] H. Terazawa, “Subquark model of leptons and quarks”, Phys. Rev. D 22 (1980) 184,

doi:10.1103/PhysRevD.22.184.

[2] E. Eichten, K. Lane, and M. Peskin, “New tests for quark and lepton substructure”, Phys.
Rev. Lett. 50 (1983) 811, doi:10.1103/PhysRevLett.50.811.

[3] E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, “Supercollider Physics”, Rev. Mod. Phys.
56 (1984) 579, doi:10.1103/RevModPhys.56.579.

[4] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “The hierarchy problem and new
dimensions at a millimeter”, Phys. Lett. B 429 (1998) 263,
doi:10.1016/S0370-2693(98)00466-3, arXiv:hep-ph/9803315.

[5] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “Phenomenology, astrophysics and
cosmology of theories with sub-millimeter dimensions and TeV scale quantum gravity”,
Phys. Rev. D 59 (1999) 086004, doi:10.1103/PhysRevD.59.086004,
arXiv:hep-ph/9807344.

[6] X. Calmet, W. Gong, and S. D. H. Hsu, “Colorful quantum black holes at the LHC”, Phys.
Lett. B 668 (2008) 20, doi:10.1016/j.physletb.2008.08.011, arXiv:0806.4605.

[7] P. Meade and L. Randall, “Black Holes and Quantum Gravity at the LHC”, JHEP 05
(2008) 003, doi:10.1088/1126-6708/2008/05/003, arXiv:0708.3017.

[8] D. M. Gingrich, “Quantum black holes with charge, colour, and spin at the LHC”, J. Phys.
G 37 (2010) 105008, doi:10.1088/0954-3899/37/10/105008, arXiv:0912.0826.

[9] B. L. Combridge and C. J. Maxwell, “Untangling large-pT Hadronic Reactions”, Nucl.
Phys. B 239 (1984) 429, doi:10.1016/0550-3213(84)90257-8.

[10] ATLAS Collaboration, “Search for new phenomena in the dijet mass distribution using
pp collision data at

√
s = 8 TeV with the ATLAS detector”, Phys. Rev. D 91 (2015) 052027,

doi:10.1103/PhysRevD.91.052007, arXiv:1407.1376.

http://dx.doi.org/10.1103/PhysRevD.22.184
http://dx.doi.org/10.1103/PhysRevLett.50.811
http://dx.doi.org/10.1103/RevModPhys.56.579
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://www.arXiv.org/abs/hep-ph/9803315
http://dx.doi.org/10.1103/PhysRevD.59.086004
http://www.arXiv.org/abs/hep-ph/9807344
http://dx.doi.org/10.1016/j.physletb.2008.08.011
http://www.arXiv.org/abs/0806.4605
http://dx.doi.org/10.1088/1126-6708/2008/05/003
http://www.arXiv.org/abs/0708.3017
http://dx.doi.org/10.1088/0954-3899/37/10/105008
http://www.arXiv.org/abs/0912.0826
http://dx.doi.org/10.1016/0550-3213(84)90257-8
http://dx.doi.org/10.1103/PhysRevD.91.052007
http://www.arXiv.org/abs/1407.1376


References 11

[11] CMS Collaboration, “Search for quark contact interactions and extra spatial dimensions
using dijet angular distributions in proton-proton collisions at

√
s = 8 TeV”, Phys. Lett. B

746 (2015) 79, doi:10.1016/j.physletb.2015.04.042, arXiv:1411.2646.

[12] ATLAS Collaboration, “Search for new phenomena in dijet mass and angular
distributions from pp collisions at

√
s = 13 TeV with the ATLAS detector”, Phys. Lett. B

754 (2016) 302, doi:10.1016/j.physletb.2016.01.032, arXiv:1512.01530.

[13] CMS Collaboration, “Search for contact interactions using the inclusive jet pT spectrum in
pp collisions at

√
s = 7 TeV”, Phys. Rev. D 87 (2013) 052017,

doi:10.1103/PhysRevD.87.052017, arXiv:1301.5023.

[14] CMS Collaboration, “Search for large extra dimensions in dimuon and dielectron events
in pp collisions at

√
s = 7 TeV”, Phys. Lett. B 711 (2012) 15,

doi:10.1016/j.physletb.2012.03.029, arXiv:1202.3827.

[15] CMS Collaboration, “Search for physics beyond the standard model in dilepton mass
spectra in proton-proton collisions at

√
s = 8 TeV”, JHEP 04 (2015) 025,

doi:10.1007/JHEP04(2015)025, arXiv:1412.6302.

[16] ATLAS Collaboration, “Search for contact interactions and large extra dimensions in
dilepton events from pp collisions at

√
s = 7 TeV with the ATLAS detector”, Phys. Rev. D

87 (2013) 015010, doi:10.1103/PhysRevD.87.015010, arXiv:1211.1150.

[17] ATLAS Collaboration, “Search for contact interactions and large extra dimensions in the
dilepton channel using proton-proton collisions at

√
s = 8 TeV with the ATLAS detector”,

Eur. Phys. J. C 74 (2014) 3134, doi:10.1140/epjc/s10052-014-3134-6,
arXiv:1407.2410.

[18] CMS Collaboration, “Search for large extra dimensions in the diphoton final state at the
Large Hadron Collider”, JHEP 05 (2011) 085, doi:10.1007/JHEP05(2011)085,
arXiv:1103.4279.

[19] CMS Collaboration, “Search for Signatures of Extra Dimensions in the Diphoton Mass
Spectrum at the Large Hadron Collider”, Phys. Rev. Lett. 108 (2012) 111801,
doi:10.1103/PhysRevLett.108.111801, arXiv:1112.0688.

[20] ATLAS Collaboration, “Search for extra dimensions in diphoton events using
proton-proton collisions recorded at

√
s = 7 TeV with the ATLAS detector at the LHC”,

New J. Phys. 15 (2013) 043007, doi:10.1088/1367-2630/15/4/043007,
arXiv:1210.8389.

[21] R. Franceschini et al., “LHC bounds on large extra dimensions”, JHEP 05 (2011) 092,
doi:10.1007/JHEP05(2011)092, arXiv:1101.4919.

[22] P. C. Argyres, S. Dimopoulos, and J. March-Russell, “Black holes and sub-millimeter
dimensions”, Phys. Lett. B 441 (1998) 96, doi:10.1016/S0370-2693(98)01184-8,
arXiv:hep-th/9808138.

[23] T. Banks and W. Fischler, “A Model for High Energy Scattering In Quantum Gravity”,
(1999). arXiv:hep-th/9906038.

[24] R. Emparan, G. T. Horowitz, and R. C. Myers, “Black holes radiate mainly on the brane”,
Phys. Rev. Lett. 85 (2000) 499, doi:10.1103/PhysRevLett.85.499,
arXiv:hep-th/0003118.

http://dx.doi.org/10.1016/j.physletb.2015.04.042
http://www.arXiv.org/abs/1411.2646
http://dx.doi.org/10.1016/j.physletb.2016.01.032
http://www.arXiv.org/abs/1512.01530
http://dx.doi.org/10.1103/PhysRevD.87.052017
http://www.arXiv.org/abs/1301.5023
http://dx.doi.org/10.1016/j.physletb.2012.03.029
http://www.arXiv.org/abs/1202.3827
http://dx.doi.org/10.1007/JHEP04(2015)025
http://www.arXiv.org/abs/1412.6302
http://dx.doi.org/10.1103/PhysRevD.87.015010
http://www.arXiv.org/abs/1211.1150
http://dx.doi.org/10.1140/epjc/s10052-014-3134-6
http://www.arXiv.org/abs/1407.2410
http://dx.doi.org/10.1007/JHEP05(2011)085
http://www.arXiv.org/abs/1103.4279
http://dx.doi.org/10.1103/PhysRevLett.108.111801
http://www.arXiv.org/abs/1112.0688
http://dx.doi.org/10.1088/1367-2630/15/4/043007
http://www.arXiv.org/abs/1210.8389
http://dx.doi.org/10.1007/JHEP05(2011)092
http://www.arXiv.org/abs/1101.4919
http://dx.doi.org/10.1016/S0370-2693(98)01184-8
http://www.arXiv.org/abs/hep-th/9808138
http://www.arXiv.org/abs/hep-th/9906038
http://dx.doi.org/10.1103/PhysRevLett.85.499
http://www.arXiv.org/abs/hep-th/0003118


12 References

[25] S. Dimopoulos and G. L. Landsberg, “Black holes at the LHC”, Phys. Rev. Lett. 87 (2001)
161602, doi:10.1103/PhysRevLett.87.161602, arXiv:hep-ph/0106295.

[26] S. B. Giddings and S. D. Thomas, “High energy colliders as black hole factories: the end
of short distance physics”, Phys. Rev. D 65 (2002) 056010,
doi:10.1103/PhysRevD.65.056010, arXiv:hep-ph/0106219.

[27] S. W. Hawking, “Particle creation by black holes”, Commun. Math. Phys. 43 (1975) 199,
doi:10.1007/BF02345020. [Erratum: doi:10.1007/BF01608497].

[28] CMS Collaboration, “Search for microscopic black hole signatures at the Large Hadron
Collider”, Phys. Lett. B 697 (2011) 434, doi:10.1016/j.physletb.2011.02.032,
arXiv:1012.3375.

[29] CMS Collaboration, “Search for microscopic black holes in pp collisions at
√

s = 7 TeV”,
JHEP 04 (2012) 061, doi:10.1007/JHEP04(2012)061, arXiv:1202.6396.

[30] CMS Collaboration, “Search for microscopic black holes in pp collisions at
√

s = 8 TeV”,
JHEP 07 (2013) 178, doi:10.1007/JHEP07(2013)178, arXiv:1303.5338.

[31] ATLAS Collaboration, “Search for low-scale gravity signatures in multi-jet final states
with the ATLAS detector at

√
s = 8 TeV”, JHEP 07 (2015) 032,

doi:10.1007/JHEP07(2015)032, arXiv:1503.08988.

[32] ATLAS Collaboration, “Search for strong gravity in multijet final states produced in pp
collisions at

√
s = 13 TeV using the ATLAS detector at the LHC”, JHEP 03 (2015) 026,

doi:10.1007/JHEP03(2016)026, arXiv:1512.02586.

[33] CMS Collaboration, “Search for narrow resonances and quantum black holes in inclusive
and b-tagged dijet mass spectra from pp collisions at

√
s = 7 TeV”, JHEP 01 (2013) 013,

doi:10.1007/JHEP01(2013)013, arXiv:1210.2387.

[34] CMS Collaboration, “Search for resonances and quantum black holes using dijet mass
spectra in proton-proton collisions at

√
s = 8 TeV”, Phys. Rev. D 91 (2015) 052009,

doi:10.1103/PhysRevD.91.052009, arXiv:1501.04198.

[35] ATLAS Collaboration, “ATLAS search for new phenomena in dijet mass and angular
distributions using pp collisions at

√
s = 7 TeV”, JHEP 01 (2013) 029,

doi:10.1007/JHEP01(2013)029, arXiv:1210.1718.

[36] UA1 Collaboration, “Angular distributions for high mass jet pairs and a limit on the
energy scale of compositeness for quarks from the CERN pp̄ collider”, Phys. Lett. B 177
(1986) 244, doi:10.1016/0370-2693(86)91065-8.

[37] D0 Collaboration, “High-pT jets in pp collisions at
√

s = 630 and 1800 GeV”, Phys. Rev. D
64 (2001) 032003, doi:10.1103/PhysRevD.64.032003, arXiv:hep-ex/0012046.

[38] D0 Collaboration, “Measurement of Dijet Angular Distributions at
√

s = 1.96 TeV and
Searches for Quark Compositeness and Extra Spatial Dimensions”, Phys. Rev. Lett. 103
(2009) 191803, doi:10.1103/PhysRevLett.103.191803, arXiv:0906.4819.

[39] CDF Collaboration, “Measurement of Dijet Angular Distributions at CDF”, Phys. Rev.
Lett. 77 (1996) 5336, doi:10.1103/PhysRevLett.77.5336,
arXiv:hep-ex/9609011. [Erratum: doi:10.1103/PhysRevLett.78.4307].

http://dx.doi.org/10.1103/PhysRevLett.87.161602
http://www.arXiv.org/abs/hep-ph/0106295
http://dx.doi.org/10.1103/PhysRevD.65.056010
http://www.arXiv.org/abs/hep-ph/0106219
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1007/BF01608497
http://dx.doi.org/10.1016/j.physletb.2011.02.032
http://www.arXiv.org/abs/1012.3375
http://dx.doi.org/10.1007/JHEP04(2012)061
http://www.arXiv.org/abs/1202.6396
http://dx.doi.org/10.1007/JHEP07(2013)178
http://www.arXiv.org/abs/1303.5338
http://dx.doi.org/10.1007/JHEP07(2015)032
http://www.arXiv.org/abs/1503.08988
http://dx.doi.org/10.1007/JHEP03(2016)026
http://www.arXiv.org/abs/1512.02586
http://dx.doi.org/10.1007/JHEP01(2013)013
http://www.arXiv.org/abs/1210.2387
http://dx.doi.org/10.1103/PhysRevD.91.052009
http://www.arXiv.org/abs/1501.04198
http://dx.doi.org/10.1007/JHEP01(2013)029
http://www.arXiv.org/abs/1210.1718
http://dx.doi.org/10.1016/0370-2693(86)91065-8
http://dx.doi.org/10.1103/PhysRevD.64.032003
http://www.arXiv.org/abs/hep-ex/0012046
http://dx.doi.org/10.1103/PhysRevLett.103.191803
http://www.arXiv.org/abs/0906.4819
http://dx.doi.org/10.1103/PhysRevLett.77.5336
http://www.arXiv.org/abs/hep-ex/9609011
http://dx.doi.org/10.1103/PhysRevLett.78.4307


References 13

[40] ATLAS Collaboration, “Search for Quark Contact Interactions in Dijet Angular
Distributions in pp Collisions at

√
s = 7 TeV Measured with the ATLAS Detector”, Phys.

Lett. B 694 (2010) 327, doi:10.1016/j.physletb.2010.10.021,
arXiv:1009.5069.

[41] ATLAS Collaboration, “Search for new physics in dijet mass and angular distributions in
pp collisions at

√
s = 7 TeV measured with the ATLAS detector”, New J. Phys. 13 (2011)

053044, doi:10.1088/1367-2630/13/5/053044, arXiv:1103.3864.

[42] ATLAS Collaboration, “Search for New Phenomena in Dijet Angular Distributions in
Proton-Proton Collisions at

√
s = 8 TeV Measured with the ATLAS Detector”, Phys. Rev.

Lett. 114 (2015) 221802, doi:10.1103/PhysRevLett.114.221802,
arXiv:1504.00357.

[43] CMS Collaboration, “Search for Quark Compositeness with the Dijet Centrality Ratio in
pp Collisions at

√
s = 7 TeV”, Phys. Rev. Lett. 105 (2010) 262001,

doi:10.1103/PhysRevLett.105.262001, arXiv:1010.4439.

[44] CMS Collaboration, “Measurement of Dijet Angular Distributions and Search for Quark
Compositeness in pp Collisions at

√
s = 7 TeV”, Phys. Rev. Lett. 106 (2011) 201804,

doi:10.1103/PhysRevLett.106.201804, arXiv:1102.2020.

[45] CMS Collaboration, “Search for quark compositeness in dijet angular distributions from
pp collisions at

√
s = 7 TeV”, JHEP 05 (2012) 055, doi:10.1007/JHEP05(2012)055,

arXiv:1202.5535.

[46] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[47] CMS Collaboration, “Particle–flow event reconstruction in CMS and performance for jets,
taus, and Emiss

T ”, CMS Physics Analysis Summary CMS-PAS-PFT-09-001, 2009.

[48] CMS Collaboration, “Commissioning of the particle-flow event reconstruction with the
first LHC collisions recorded in the CMS detector”, CMS Physics Analysis Summary
CMS-PAS-PFT-10-001, 2010.

[49] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kt Jet Clustering Algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[50] CMS Collaboration, “Jet energy scale and resolution in the CMS experiment in pp
collisions at 8 TeV”, JINST 12 (2017) P02014,
doi:10.1088/1748-0221/12/02/P02014, arXiv:1607.03663.
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I. Krätschmer, D. Liko, T. Matsushita, I. Mikulec, D. Rabady, N. Rad, B. Rahbaran, H. Rohringer,
J. Schieck1, J. Strauss, W. Waltenberger, C.-E. Wulz1

Institute for Nuclear Problems, Minsk, Belarus
O. Dvornikov, V. Makarenko, V. Mossolov, J. Suarez Gonzalez, V. Zykunov

National Centre for Particle and High Energy Physics, Minsk, Belarus
N. Shumeiko

Universiteit Antwerpen, Antwerpen, Belgium
S. Alderweireldt, E.A. De Wolf, X. Janssen, J. Lauwers, M. Van De Klundert, H. Van
Haevermaet, P. Van Mechelen, N. Van Remortel, A. Van Spilbeeck

Vrije Universiteit Brussel, Brussel, Belgium
S. Abu Zeid, F. Blekman, J. D’Hondt, N. Daci, I. De Bruyn, K. Deroover, S. Lowette, S. Moortgat,
L. Moreels, A. Olbrechts, Q. Python, K. Skovpen, S. Tavernier, W. Van Doninck, P. Van Mulders,
I. Van Parijs
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J.D. Ruiz Alvarez, J.C. Sanabria

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
N. Godinovic, D. Lelas, I. Puljak, P.M. Ribeiro Cipriano, T. Sculac

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, D. Ferencek, K. Kadija, B. Mesic, T. Susa

University of Cyprus, Nicosia, Cyprus
A. Attikis, G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos, P.A. Razis, H. Rykaczewski,
D. Tsiakkouri

Charles University, Prague, Czech Republic
M. Finger8, M. Finger Jr.8

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
A.A. Abdelalim9,10, Y. Mohammed11, E. Salama12,13

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
M. Kadastik, L. Perrini, M. Raidal, A. Tiko, C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, J. Pekkanen, M. Voutilainen



19

Helsinki Institute of Physics, Helsinki, Finland
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Nucléaire de Lyon, Villeurbanne, France
S. Beauceron, C. Bernet, G. Boudoul, C.A. Carrillo Montoya, R. Chierici, D. Contardo,
B. Courbon, P. Depasse, H. El Mamouni, J. Fay, S. Gascon, M. Gouzevitch, G. Grenier, B. Ille,
F. Lagarde, I.B. Laktineh, M. Lethuillier, L. Mirabito, A.L. Pequegnot, S. Perries, A. Popov15,
D. Sabes, V. Sordini, M. Vander Donckt, P. Verdier, S. Viret

Georgian Technical University, Tbilisi, Georgia
T. Toriashvili16

Tbilisi State University, Tbilisi, Georgia
Z. Tsamalaidze8

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
C. Autermann, S. Beranek, L. Feld, M.K. Kiesel, K. Klein, M. Lipinski, M. Preuten,
C. Schomakers, J. Schulz, T. Verlage

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
A. Albert, M. Brodski, E. Dietz-Laursonn, D. Duchardt, M. Endres, M. Erdmann, S. Erdweg,
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T. Schoerner-Sadenius, S. Spannagel, N. Stefaniuk, G.P. Van Onsem, R. Walsh, C. Wissing

University of Hamburg, Hamburg, Germany
V. Blobel, M. Centis Vignali, A.R. Draeger, T. Dreyer, E. Garutti, D. Gonzalez, J. Haller,
M. Hoffmann, A. Junkes, R. Klanner, R. Kogler, N. Kovalchuk, T. Lapsien, I. Marchesini,
D. Marconi, M. Meyer, M. Niedziela, D. Nowatschin, F. Pantaleo17, T. Peiffer, A. Perieanu,
J. Poehlsen, C. Scharf, P. Schleper, A. Schmidt, S. Schumann, J. Schwandt, H. Stadie,
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INFN Sezione di Napoli a, Università di Napoli ’Federico II’ b, Napoli, Italy, Università della
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K. Romanowska-Rybinska, M. Szleper, P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski, A. Byszuk37, K. Doroba, A. Kalinowski, M. Konecki, J. Krolikowski, M. Misiura,
M. Olszewski, M. Walczak
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22: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
University, Budapest, Hungary
23: Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
24: Also at Indian Institute of Technology Bhubaneswar, Bhubaneswar, India
25: Also at University of Visva-Bharati, Santiniketan, India
26: Also at Indian Institute of Science Education and Research, Bhopal, India
27: Also at Institute of Physics, Bhubaneswar, India
28: Also at University of Ruhuna, Matara, Sri Lanka
29: Also at Isfahan University of Technology, Isfahan, Iran
30: Also at Yazd University, Yazd, Iran
31: Also at Plasma Physics Research Center, Science and Research Branch, Islamic Azad
University, Tehran, Iran
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